Introduction
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Building Information Modeling (BIM) has been widely used in the whole life cycle of 20 infrastructure projects, including civil and mechanical engineering projects, to improve the 21 efficiency and effectiveness of these projects [1] . The utilization of BIM has grown significantly in recent years and it has been used to support various specialties in different phases of construction projects [2] . As an emerging technology, BIM has played an important role in the 28 built environment [3] . Previous research found that the implementation of BIM can certainly 29 improve construction efficiency and decision making throughout the life cycle of a project [4, 5, 6] . However, there is hesitation in adopting these creative tools and processes [7] . The main 2 reasons for this reluctance to incorporate advanced technology are uncertainty about the 32 competitive advantages and lack of awareness regarding the technologies and related benefits 33 [8] . Currently, there is no agreed basic methodology to evaluate the advantages of BIM. Instead, 34 there are various opinions regarding the benefits of BIM, leading to some misunderstanding. 35 Thus, a standard evaluation framework is needed to assess BIM implementation [9] . Such a 36 framework can help multiple participants and specialists understand and evaluate BIM benefits.
37
Prior case studies have been done to evaluate the advantages of BIM implementations on 38 actual construction projects. Khanzode et al. analyzed the quantitative and qualitative benefits 39 of using BIM tools in Mechanical, Electrical and Plumbing (MEP) systems [ 3 ] . A survey was 40 conducted to clarify the ambiguity surrounding BIM and to identify the mutual benefits of 41 adopting BIM [ 10 ] . Succar et al. proposed a method to evaluate BIM projects from five 42 perspectives, which are BIM capability stage, BIM maturity level, BIM competencies, 43 organizational scale, and granularity levels [11] . However, it cannot be used for quantitative 44 evaluation of BIM projects. bimSCORE was developed to evaluate the maturity of a BIM 45 project [12] . However, it utilizes the same evaluation factors for different projects in spite of their 46 different objectives. Considering the necessity and importance of applying BIM technology in 47 the built environment, it can be inferred that an evaluation framework, which facilitates the about the advantages of using BIM in their own projects.
51
To develop an applicable evaluation framework, it is necessary to understand and define 52 the requirements of the industry users and how to analyze the actual benefits. Won et al.
53
conducted case studies to validate the applicability of a success level assessment model for BIM 54 project (SLAM BIM) [13] . Actually, according to the research conducted by Bakis et al. [14] , case 55 study analysis is the most appropriate method for investigating the benefits of information 56 technologies. Case study analysis has been the most adopted method in previous research (will 57 be explained in the following sections). However, the concerns of different participants are not 58 quite the same, and these concerns change while the construction project moves forward. industrial settings, has been evaluated [15] . Despite the topic of BIM having been studied by 73 academics [16, 17, 18, 19] , and professional industry groups [20, 21, 22] , the financial investment in this 74 innovative methodological and technological solution makes private sector clients very 75 prudent [23] . Research has shown that the major hurdle for adopting BIM into standard industry 76 practice is to justify the additional cost to achieve the benefits discussed [24] . Therefore, the 77 development of the ability to quantify the benefits of adopting BIM is required [23, 25] . 
Characteristics of Collected Articles
88
To make the framework applicable to various projects and stakeholders, we have analyzed 89 a large number of case studies from existing literature. There were 65 relevant international 90 journal articles were analyzed. The number of articles by year of publication is shown in Figure   91 1. The number of publications evaluating the benefits of BIM has grown considerably from Table 1 ) 96 The list of publications analyzed includes (see Table 1 Germany, Israel, and Jordan. The analysis of these projects shows that since 2012 more 100 countries/districts began to realize the importance of evaluating BIM benefits. Therefore, the 101 formulation of an evaluation framework is both timely and necessary in order for the 102 construction industry stakeholders to understand the importance of adopting BIM.
103
The analysis of the projects listed in Table 1 shows that the methods used for evaluating 104 BIM benefits in individual projects are diverse and are classified into seven types [18, 26] . These 105 types listed in "Evaluation Methodologies" column of been adopted and, in some cases, interviews of the project team members are conducted.
131
Publications focusing on "Theory and general assumptions" have addressed mainly theoretical 132 frameworks and discussed potential benefits without any benchmarking in a real project. (Table 2 ) and all the participants listed in Table 1 , see Figure 4 . As indicated in Table   143 2, the main focus of the literature is on the design and the construction phases. However, the 144 primary concern of individual participant varies and changes by phase. Thus, in the following 
Fig. 4 Classification of articles by participants 152
Of course, different BIM users from the project participants are usually involved in 153 different project phases involving different kind of benefits. For example, the designers give 154 exclusive attention to the design phase. Owners are concerned with the whole project life cycle.
155
Construction managers and contractors are naturally more interested in the construction phase.
156
Detailed information about the relationships between the project participants and their 157 concerned phase is illustrated in Figure 5 . Another interesting finding in more recent research is the consideration of BIM benefits 161 related to individual participants (see Figure 6 ). 
Classification of articles by benefit indicators
165
The classification of articles by benefit indicators is illustrated in Table 3 . In total, 23 166 benefit indicators were evaluated in the selected papers and reports, as shown in Figure 7 . These 167 benefits can then be categorized into four types, which are operational, strategic, organizational 168 and managerial [23, 81] , as shown in Table 4 . 
Fig.7 Numbers of articles by BIM benefit indicator 173
Cost and project scheduling being the primary concerns from the perspective of the 174 construction industry; reduced cost and reduced project duration are the most discussed benefits.
175
In addition, visualization and communication improvement are considered to be evaluating 176 indicators of great importance. Table 4 shows that operational benefits were the most mentioned 177 and they were important to both the industry and scholars. To date, the researchers have focused on reduced project duration and cost while putting 180 little emphasis on sustainability, as indicated in Figure 8 . Amongst the selected papers, only 181 eight papers attempted to assess the benefit of BIM on sustainability. As BIM can contribute to 182 achieve sustainable constructions [57, 82] , it is surprising that there are not many practical studies business was proposed to be the primary benefit of implementing BIM technology [63] .
191
Moreover, providing new service was nominated as a secondary benefit from the perspective According the information listed in Table 3 , the organizational BIM benefits include 198 economization of labor, staff's learning and coordination improvement. Figure 10 shows that In conclusion, the publication analysis shows a fragmented approach. When analyzing the 208 previous studies of BIM benefits, operational benefits were a primary concern in all phases.
209
Detailed information can be found in Figure 11 . Managerial and organizational benefits did 210 improve significantly thanks to BIM adoption during the construction phase compared to the 211 planning, design and maintenance/operation phases. In conclusion, the research focus has often 212 varied depending on the project phase. From the review we have undertaken, it appears that an 213 individual project participant is more often concerned by individual or specific project phases.
214
Operational benefits were of much concern in all phases of the construction projects. Figure 11 
215
shows that researchers focused on analyzing the impact on the managerial and organizational 216 aspects in the construction phase where in previous literature, BIM implementation was 217 supposed to contribute more in the design phase. Based on the literature review, a framework is proposed and illustrated in Figure 13 . A BIM 227 evaluation should include content, context and process [83] . Hence, understanding who affects axes in Figure 13 . The relationship amongst these three axes will be explained in the following 232 paragraphs and tables. quantitative or qualitative methods are used to measure the benefits [84] . Some of the indicators 241 cannot be measured using quantitative means [23] . 
Operational
Reduced cost [5, 6, 7, 10, 18, 19, 21, 23, 35, 37, 39, 41, 42, [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] 57, [59] [60] [61] [62] [73] [74] [75] [76] [77] 79, 80] Percent of the time projects are delivered on/under budget [70, 85] All Quality improvement [10, 18, 19, 21, 23, 35, 39, 42, 45, 48, 52, 57, 59, 62, 65, 66, 70, 74, 76, 78, 80] Cost of Repairing Claims (Defects) / Total Project Cost [86] All
Reduced project duration [6, 7, 10, 18, 19, 21, 23, 35, 39, 42, [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] 57, [59] [60] [61] [62] [63] [64] [65] [66] [69] [70] [71] [73] [74] [75] [76] [77] 79, 80] Percent of the time projects are delivered on/ahead of schedule [70, 85] All Improved safety [3, 21, 45, 46, 48, 49, 23, 19, 18, 7, 10, 74, 79, 60] (the Quantity of Accidents)*100/ the total Number of Workers [86] All (the Quantity of Work Days Lost)*100/ the Annual Average of Workers [86] Classification
Indicators Measurement methods Participants Operational
Visualization [47] [48] [49] 51, 19, [59] [60] [61] [62] 18, [69] [70] [71] 21, 10, [73] [74] [75] 76, 37, 38, 40, 42] Qualitative [70] All Sustainable [46, 48, 49, 56, 59, 67, 68, 70, 5, 7, 21, 61, 35, 37, 41] Energy consumption upgrade rate [87] Design agencies;
Operators
Productivity improvement [47] [48] [49] 51, 52, 23, 6, [58] [59] [60] [61] [62] 19, 18, 70, 21, 10, 74, [76] [77] [78] [79] [80] 35, 36, 40, 44] Qualitative [79, 88] All Reduced change orders [45, 48, 23, 19, 59, 21, 3, 76, 77, 37, [39] [40] [41] Cost of change/total cost of project [56, 89] All Fewer claims/litigation [53, 63, 64, 66, 7, 21] Number of claim/litigation Design agencies
Reduced errors and omissions [47, 49, 19, [61] [62] [63] [64] 66, 5, 21, 10, [35] [36] [37] 40, 41] Costs of rework due to design errors [66, 90] Design agencies; Contractors Costs associated with schedule delays due to errors [66] Reduced rework [47, 49, 51, 52, 19, 60, [62] [63] [64] 66, 18, 21, 7, 75, 3, 80, 40, 42] Rework costs [90] All Prefabrication [46, 48, 49, 6, 18, 69, 7, 21, 75, 3, 78, 40, 44] Qualitative [7] All
Strategic
Competitive advantage [23, 65, 21, 76, 79, 80] Qualitative [63] All Market new business [49, 63, 7, 21] Qualitative [63] Design agencies;
Customer satisfaction [48, 49, 23, [59] [60] [61] [62] [63] [64] [65] 70, 21, 7, 76, [78] [79] [80] [4] [5] 7, 16, [18] [19] [20] 36, [40] [41] 46, [48] [49] [50] 39] Percent of repeat business customers [70, 85] Design agencies;
Contractors
Organizational
Coordination improvement [45] [46] [47] [48] [49] [50] [51] [52] 57, 19, [59] [60] [61] 65, 18, 69, 70, 71, 72, 75, 3, [1] [2] [3] [4] [5] [6] 8, 14, [16] [17] 20, [34] [35] [36] [38] [39] [44] [45] 73, [35] [36] [37] [38] [39] [40] Qualitative [64] All Staff's learning [23, 38, 41, 58, 21, 72, 80] 
Where eff BIM(T) stands for aggregate learning effects contributed by BIM; and (T) stands for best-fit learning curve for a repetitive task without BIM adoption; and ′ (T) represents best-fit learning curve for a repetitive task using BIM [58] Owners;
Contractors； Operators
Economization of labor [42, 47, 65, 18, 21, 3, 77, 61] Budgeted Cost of Man-hours / Actual Cost of Man-hours [86] Owners; Contractors Planned Man-hours / Actual Man-hours [86] Classification Indicators Measurement methods Participants
Managerial
Communication improvement [46] [47] [48] [49] [50] [51] [52] [53] 55, 57, 19, 68, 69, 72, 21, 75, 3, 80, 51, 60, 61, 73, 36, 38, 39, 41] Reduced number of requests for information (RFIs) [91, 92] Design agencies;
Contractors
Accurate data output [48, 36, 49, 55, 6, 59, 67, 69, 70, 21, 60, 51] Overestimate construction costs [85, 89] All Underestimate construction schedule [85, 89] Model archiving [6, 69, 62, 73] Qualitative [69] Owners;
Contractors;
Operators
Negative risk reduction [45, 39, 41, 43, 46, 48, 57, 21, 80, 61] Qualitative [21] Design agencies Improved decision-making [23, 6, 60, 72, 44] Qualitative [6, 93] Owners;
Contractors
251
Relationship amongst measurement methods, benefits indicators and participants
252
Previous studies show that different project participants and BIM users have different 253 primary concerns [94] . Based on the literature review, the BIM evaluation metrics of primary 254 interest to the project stakeholders are also presented in Table 5 .
255
From the review and based on the owner concerns, BIM implementation should include,
256
but not be limited to: a) 3D modeling, clash detections and design coordination [ 95 ] ; b)
257 performance analysis such as energy and excavation simulation [ 96 ] ; c) 4D modeling and 258 scenario simulation [97] ; d) quantity take-off [98] and cost analysis and; e) site training based on 259 BIM [99] .
260
In the case of design agencies concerns, BIM implementation should include, but not be 261 limited to: a) 3D modeling [100] , coordination between numerous drawings to identify potential 262 conflicts or defect within the model [101] ; b) design validation [102] ; c) quantity take-off and cost 263 analysis [103] ; d) an effective communication environment based on BIM models [104, 105] ; and e) 264 performance analysis, including energy [106] and evacuation simulation [107] .
265 modeling and clash detection [108] ; b) design validation [109] ; c) quantity take-off and cost analysis; 267 d) 4D visualization and prefabrication [110] , construction planning and monitoring [111, 112] and; e) 268 an effective communication web platform based on BIM models [113] .
269
Using these functions, the indicators of different types BIM benefits can be improved. For contractors understand the accurate difference between planned schedule and actual schedule.
275
Together with the quantity take-off function, the difference between planned cost and actual 276 cost can be calculated. Besides, the site workers can better understand the detailed working 277 process before construction, thus it improves the working productivity. 
